terminal 76% of the CRI-A polymorphic variant . They showed that nearly all of this portion of the molecule is composed of SCRs and that the COOH terminus contains a transmembrane segment and a cytoplasmic domain. In addition they found that 21 of 23 SCRs in this region are organized in three long homologous repeats (LHRs) of seven SCRs each.
We have isolated CRI clones from cDNA libraries of DMSO-induced HL-60 cells (13) . First, we report here the amino acid sequence of the NH2 terminal 28% of the major polymorphic form of CR1 which we derived from one of these cDNAs . Together, with the similarly derived sequence of Klickstein et al. (15) , this completes the primary structure of the mature protein . Second, although the NH2 terminus of CRI is composed of a fourth LHR, we find that the first two NH2-terminal SCRs are markedly divergent when compared with the corresponding SCRs of the other LHRs. We hypothesize that this segment is instrumental in cofactor activity, decay accelerating activity, and/or C3b/C4b binding, and we propose a model for the organization of CRI that is based on differences in the degree of homology within the repeated sequences . Third, we identify an alternative polyadenylation site in the CRI transcriptional unit, and we predict the synthesis of a secreted product . Fourth, we report a CRl-like genomic sequence that is highly homologous to the alternative polyadenylation site and the surrounding exons of CRl_
Materials and Methods
The isolation and characterization of pUCRI-4 has been described previously (13) . The CRI-4 insert carried by that plasmid was removed by partial digestion of pUCRI-4 with Eco RI, isolated by standard methods (16) , and joined to the sequencing vector pBSKS (Stratagene Cloning Systems, LaJolla, CA) . A series ofderivatives was constructed and DNA sequencing was performed using the dideoxy method of Sanger et al. (17) . Analysis of the sequence data was performed on a personal computer (AT, IBM Instruments, Inc., Danbury, CT) using the MicroGenie (Beckman Instruments, Inc., Palo Alto, CA) program .
Cosmid libraries were constructed as outlined in reference 16, using the human cell line EB-19 (18) as a DNA source, the pTCF vector (19) , and an electrophoresis apparatus (Bullseye; Hoeffer Scientific Instruments, San Francisco, CA) to fractionate by size genomic DNA partially digested with enzyme Sau 3A . The), genomic library was that of Maniatis and colleagues (20) , constructed with the Charon 4A vector (21) and human fetal liver DNA partially digested with Hae III and Alu I . It was obtained through the American Type Culture Collection, Rockville, MD.
The growth ofcell lines, RNA isolation, and Northern blot construction and hybridization have been described (13) . The DNA probes were electroeluted from polyacrylamide gels and then labeled by the oligonucleotide-priming method (22) . At least 0.5 ug DNA (10 8 cpm) was used for each blot. Blots were reused after brief boiling and slow cooling in 2X SSC (16) solution and after checking for residual hybridization by autoradiography. Southern blots were prepared as described in reference 16.
Results and Discussion CRI Partial cDNA Sequence and Organization of CRI. We have previously reported the isolation and characterization of a partial CRI cDNA (13) . It encodes several known CRI peptides and is homologous to CRI messenger RNAs on Northern blots. We have now obtained the complete nucleotide sequence of that insert . It consists of an open reading frame that extends 1,679 by followed by an apparently untranslated region of697 by (Fig. 1) . Included in the open reading frame are the sequences of eight peptides of the CRI protein (13, 15, 22a) .
The first 16 amino acids of the open reading frame bear a strong resemblance to a typical eukaryotic signal sequence (23) , including a possible NH2/hydrophobic boundary (immediately following Ser), a hydrophobic region (Leu-Leu-Ala-Val ValVal-Leu-Leu-Ala-Leu), and a typical COOH region (ProVal-AlaTrp-Gly-Gln) . We anticipate the initial methionine codon occurs a short distance upstream ofthis coding region . According to the "(-3, -1)" rule (23), the putative signal peptide would be cleaved between Gly and Gln, resulting in a terminal Gln residue. Since the NH2 terminus ofthe mature CRl protein is resistant to standard biochemical sequencing procedures (24, 25) , it is likely that the Gln is modified to pyroglutamic acid (26) .
The remainder of the open reading frame consists of 8.5 SCRs, which are characteristic of the family of proteins that interact with Cab/C4b. These repeats (see Fig.  2 ) are 60-70 amino acids in length and include invariant residues (four cysteines, a glycine, and a tryptophan) as well as a number of frequently conserved ones (7, 15) .
The open reading frame ends with a stop codon (TGA) at a possible 5' splice sequence (CAGG/GTGAGT) (27) . This site is followed by an apparently untranslated region of 697 bp' with no features of SCRs discernable in any reading frame. The sequence ends with an AATAAA polyadenylation signal (28), a sequence (CTTT GACTGC) similar to the proposed polyadenylation consensus sequence (TTTT CACTGC) of Benoist et al. (29) , and a nine-base poly(A) tail.
Our sequence, comprising the NH2 terminal 28% of CRl, includes at its 3' end a precise overlap of 248 base pairs with the 5' end of the sequence of Klickstein et al. (15) (Fig. 1) . Merging the sequences of our two groups leads to a CRl protein composed of 1,998 amino acids organized into 30 SCRs followed by a transmembrane segment and cytoplasmic region (Fig. 3 A) .
While each SCR in the C3b/C4b-binding protein family exhibits, typically, 20-35% amino acid sequence homology with any other SCR in the family, the SCRs ofCR1 exhibit an additional internal homology. As first described by Klickstein et al. (15) , CRl can be organized in tandem LHRs of seven SCRs each (Fig. 3 B) . Each LHR is 65-90% homologous to any other LHR. Our NH2-terminal sequence extends this model through LHRA.
With completion of the primary structure, it is apparent that the SCRs of CRl can also be organized in another form (Fig. 3 C) . This model incorporates the homologous repetition featured in the LHR model (Fig. 3 B) while using different degrees of intramolecular homology as a physical basis for assigning separate regions. The most dramatic example is region 11, composed of 16 SCRs in LHRs A, B, and C (SCR-3 through SCR-18). Within this region, the seven SCR repetition is duplicated nearly precisely; for example, SCR 3-9 is 99% homologous to SCR 10-16, and SCR 10-11 is 99% homologous to SCR 17-18 ( Fig. 3 C) . Adjacent to this lies region III, which extends 10 SCRs (SCR-19 through SCR-28). Within this region the seven SCR repetition is also seen in highly homologous degree ; thus, SCR 19-21 is 91% homologous to SCR 26-28. Region II and region III have been divided between SCR-18 and SCR-19 because the degree of homology in the seven SCR repeat unit changes at this juncture . SCR 12-18 is only 67% homologous to SCR 19-25.
Region 1, consisting of SCR-1 and SCR-2, which is the NH2 terminus of the protein, is 61°Jo homologous to SCR-8 and SCR-9 in region 11, 61% homologous to SCR-15 and SCR-16 in region II, and 59% homologous to SCR22 and SCR-23 of region III. Region IV, the last two SCRs in CR1 (29 and 30), is not a part of the seven SCR repetition . It is 26% homologous to SCR22 and SCR23, 23% homologous to SCR15 and SCR-16,23% homologous to SCR-8 and SCR9, and 26 0/0 homologous to SCR-1 and SCR-2 . Complete nucleotide sequence ofCRl cDNA insert and derived amino acid sequence. Indicated are the signal peptide region (wavy line), known CR1 peptide sequences (broken line), the 5 'donor splice sequence (overlined), and the AATAAA polyadenylation signal (overlined). Arrows mark the region that overlaps the 5' end of the partial CRl sequence described by Klickstein et al. (15) . Also shown is a schematic of the insert and a summary of the sequencing strategy used. These sequence data have been submitted to the EMBL/GenBank Data Libraries under the accession number Y00812 . FIGURE 2. Alignment of the SCRs in the amino acid sequence derived from the CR1 cDNA insert . The invariant residues are boxed and a consensus sequence, which indicates both the invariant and the frequently conserved residues, is shown below. TDEFEFPI  OTYLNY  RPOYS  PFSII  LKNSV  TOAKDRM R  NPPOPY NOYYNYI  KOIOF  OSOIKY  TKOYRLI  SEAT  IISODTVI  NETPI  R  LPPT 1Tt10DFI8  TNRENFNY  OSVVTY  NPOSO  KVP LVOEPSIY TSNDDOVO  . :AP  II P  TPPM  VENOILVSDNRSLFSLNE  YYEF  0POFYYK  RAVK  ALNK  EPELPS  PPPDVL NAERT  ORDKDNFSP OOEVFY  EPOYDLR  ASYR  TPOOD  SPAAPT EY  DFYOOLLNORVLFP  VNLOL  OAKVDF  DEOFOLK  EASY  VLAOYESL  NSSVPY EO  SPPV IPIIORN  TOKPLEVFPFOKAVNY  OPNPDR JPFSTT  SFDLIOESTIR  TSDPOONO  SSPAPR  IL  APDNFLFAKLK  TOTNASDFPIOTSLKY  RPEYY  LDNLV  SSPKDV  R  TPPDPV NOYVNVI  TDIOV  OSRINY  TTO The complex homologies among the SCRs in CRI suggest specific evolutionary relationships . The arrangement of the first 28 SCRs into LHRs implies that this region arose by duplication of a common seven SCR ancestral unit (15) . Once multiple LHRs were established, however, additional events would have been required to maintain the strict repetition in regions II and III. Highly homologous sequences in CR1, such as those seen in regions II and III, could be established by duplication and then maintained by unequal crossover and/or gene conversion (13, 15) . Unequal crossover in region I and/or III could lead to the polymorphic variants seen in CRI (13) (14) (15) . Region I apparently diverged from within the LHR organization, avoiding the process of tandem evolution so apparent in the adjacent areas. Region IV is not part of the LHR organization and could have been a contemporary of the proposed seven SCR ancestral unit or it could have appeared afterwards .
APEW LPFARPTNL
The divergence of sequence found in region I is of particular interest because, by analogy with H, another member of the C3b/C4b-binding superfamily, this region is the likely location of several functional sites. The evidence suggests that it is the NH2 terminal five or six SCRs (out of total of 20 SCRs) of H that carry C3b-binding domains as well as cofactor activity (30, 31 ). In addition, both H and C4bp are thought to be highly elongated, semi-rigid structures (32) (33) (34) , and electron microscopic analysis has shown that C4b attaches near the tips of the C4bp tentacles (33) . Thus, at one extreme, the NH2-terminal region of CRI could be involved in cofactor activity, decay accelerating activity, and C3b/C4b binding while the remainder of the protein would form an arm protruding from the cell surface. Experiments with proteolytic fragments of C4bp have shown, however, that binding and cofactor activity may be assigned to different internal SCRs (35) . Therefore, the active sites in CRI may be more evenly distributed ; for example, monovalent functions could be mediated at the NH2 terminus in region I and near the cell membrane in region IV, while multivalent functions could be mediated by the internal regions II and III. It is also possible that each separate homology region constitutes a separate functional domain . In any case, the unique role of the N112-terminal region in the function of CRI postulated here would be a selective force instrumental in maintaining the divergence of region I from the adjacent regions.
Alternative Polyadenylation in the CRI Transcriptional Unit. The open reading frame found in our derived sequence terminates at a stop codon nested within a 5' donor splice sequence (CAGG/G7GAGT) and the cDNA ends with a polyadenylation signal and a poly(A) tail . Since the composite sequence of Klickstein et al . (15) extends the open reading frame well beyond this point, it is possible that the end of our open reading frame corresponds to an exon/intron junction in the CRl gene. By this model, our cDNA clone would have been derived from an alternatively processed CRI transcript, truncated at an alternative polyadenylation site located in the adjacent intron (Fig. 4) .
The most straightforward means of testing this hypothesis is to compare this part ofthe CRI gene with the cDNA. If correct, there must be a corresponding genomic sequence that extends from the coding region for the N112-terminal half of the SCR 9, through the putative exon/intron junction, and the putative intron sequence to the proposed polyadenylation site where divergence from the cDNA must occur. To this end we generated a 586-bp DNA restriction fragment that lies entirely within the proposed intron sequence (cDNA by 1,799-2,385 ; Fig. 1 ). Genomic Southern hybridization using this fragment as probe yielded a pattern indicating at least two highly related genomic copies and several distantly related sequences (Fig. 5) .
Screening four cosmid libraries and two .% genomic libraries with our 586-bp probe, we isolated three clones . These clones defined two nonoverlapping genomic regions . Further analysis suggests that together they represent the genomic regions that bear the most homology to our probe (Fig. 5) .
DNA sequencing of one of these genomic regions, found on a X genomic clone, yielded a segment with 99% homology to part of the cDNA sequence (Fig. 6) , including a potential exon encoding the NH2-terminal half of SCR-9 followed by the putative intron in our cDNA clone, divergence at the proposed polyadenylation site, and a potential exon encoding the COON-terminal half of SCR-9 found in nontruncated cDNAs (15) . Two mismatches in the translated region, however, found in the COOH-terminal half of the SCR, are consistent with the published CRI SCR 16 sequence, which differs from SCR-9 only by these same base pairs. A third mismatch, found in the N112-terminal half of the SCR (Fig. 6) , is not found in the known SCR-9 or SCR-16 cDNA sequence . It is most likely a polymorphic variation, since this clone was isolated from a different genetic source than the cDNAs . Thus, although we cannot rule out the possibility of a separate gene, this first genomic region most likely carries the two exons encoding CRl SCR-16 and the accompanying intron.
The second genomic region, found on two different cosmids, was also sequenced (Fig. 6) . It, too, contains extensive homology to our cDNA, including a potential exon encoding a sequence similar to the NH2-terminal half of SCR-9/SCR-16, and the correspondence continues through the apparently untranslated region with divergence at the proposed polyadenylation site . It also contains a potential exon encoding a sequence similar to the COOH-terminal half of SCR-9/SCR-16 . The homologies, however, averaged 95 % at the nucleotide level. Additional sequencing (unpublished data) revealed a number of possible exons that together exhibit similar homology to most of the NH2-terminal coding region of CRl. Because the homology at the amino acid level averages 90%, we conclude that this sequence is not part of the CRl gene, but from a highly related genomic region . It is likely to be the same region observed by Wong et al . (36) , since it exhibits a similar restriction pattern. The genomic sequences we have found lend strong support to our proposal of alternative polyadenylation in the CRl transcriptional unit . As already described, the cDNA of CR1 is composed of long homologous repeats of seven SCRs with SCR16 differing from SCR-9 by only 2 bp . Previous work suggests that this homology extends to the genomic level (14) . Thus any comparison using the SCR-16 coding region should also be valid for the SCR-9 coding region . In our CRl genomic clone (as well as our CRl-like genomic clone), the sequence that encodes the N112 -terminal half of SCR-16 is interrupted by an exon/intron junction at the same site as the SCR-9 sequences in our cDNA, continues with sequence nearly identical to the putative intron in the cDNA, and diverges from the cDNA sequence at the proposed polyadenylation site . This structure is predicted for SCR-9 coding region by the alternative polyadenylation hypothesis (Fig . 4) . No other RNA processing would be necessary to generate the truncated cDNA .
Northern Blot Analysis. Several DNA fragments were generated from our cDNA
Comparison of portions of the CRI genomic sequence with the CRI cDNA and the CR1-like genomic sequences. Relative differences between the CRI clone and the cDNAs and the CR1-like clone are noted. Parenthesis indicate a missing base . Diagonal slash indicates junctions between exons and introns. The sequence of the nontruncated cDNA is taken from reference 15 . Sequencing of the genomic clones was performed with the aid of synthetic oligonucleotide primers generated from the previously determined cDNA sequences. These sequence data have been submitted to the EMBL/GenBank Data Libraries under the accession number Y00812 .
clone and used to probe poly(A)-containing RNA isolated from HL-60 cells and from EBVtransformed lymphocytes. The 586-bp probe derived from the untranslated portion of the cDNA and used in the Southern blots shown in Fig. 5 was also homologous to several RNA species ranging in size from 3.0 to 4.4 kb (Fig. 7 B) . As expected, it did not hybridize to the longer RNA species (7 .3-11.6 kb, depending on the allotype) believed to encode the full-length CRI receptor (11, 12, 17) . That is because the intron sequence would be removed in the splicing thatjoins the RNA 30 AAACTCCTCCAGATCCAGTGAATGGCATGGTGCATGTGATCACAGACATCCATGTTGGAT segments encoding the two halves of SCR-9 (Fig. 4) . In contrast, probes derived from the translated region are homologous to both full-length and truncated CRI mRNA (Fig . 7 A) .
The Northern blot results suggest that the CRI transcriptional unit could produce a number of truncated RNA species. The largest ofthese species, 4 .4 kb, could be an artifact because it migrates close to the 28S RNA band. Even so, several distinct transcripts remain . Our sequence data indicates that one of these is processed at SCR9. Given the sequence similarity, one might expect another alternative polyadenylation site in SCR-16, yielding a second truncated messenger, 1,350 bases greater in length than the first one. Remaining messengers could be the result of additional alternative polyadenylation sites in the same introns or multiple transcriptional start sites. In addition, it is possible that the CR1-like genomic sequence described above could be the source of one or more of these transcripts, since the probes used in the Northern blots also hybridize to the CRl-like genomic region . Further work is required to understand the source of each of the short transcripts seen on the Northern blots.
Our Northern analysis yielded similar 3.0-4.4-kb species whether the RNA source carried the CR1-A polymorphism, the CRl-B polymorphism, or both the CRl-A and CRl-C polymorphisms, although the CRl-B transcripts were faint (Fig. 7) . This result suggests that the CRl-A and the CR1-B alleles may carry the same alternative processing sites but does not preclude the possibility that CRl-C is lacking some or all of these sites.
In our previous work (13), hybridization of poly(A)-containing mRNA to probes encoding the CRl-translated region did reveal short species . At that time their relation to the CRI gene was not known and it was possible that they represented hy-bridization to other members of the gene family. Only recently has it become clear that CRl nucleotide sequences do not hybridize at high stringency to the mRNAs of DAF and CR2 (3, 37) . In a different report (17) , hybridization of similar probes to tonsillar RNA apparently yielded no shorter species. This could be due to the difference in cell types.
Prediction of a Secreted Form of CRl. The polypeptide predicted from the cDNA clone is a signal sequence followed by the NH2-terminal 8.5 SCRs . The first eight SCRs should retain the same functional capacity as they do in CRl since their structure would probably not change . The last half-SCR segment, 35 amino acids in length, would not retain the conformation found in the full repeat, since it is believed that the cysteines at position 4 and 46 and the cysteines at positions 32 and 57 are linked by their side chains in the repeated domains, as in 02 glycoprotein I (7, 38) . The terminal-half SCR could be a candidate for proteolytic cleavage at the arginine or lysine residues that immediately preceed it .
Since a short form of CRl would lack the transmembrane sequence and cytoplasmic anchor found at the COON terminus of the receptor (15) , it would likely be secreted. It is possible that a secreted CRI form would express complement-mediating activity that surface-bound forms could not.
Although a secreted form related to CRI has been reported (39), it is much larger in size than any predicted from our work . There have been other studies, however, that have shown the presence of biosynthetically-labeled C3b-binding proteins of approximately the size appropriate for a 60-kD form in HL-60 cells (see Fig. 4 of reference 40). Alternatively, it is possible that the secreted form is not expressed at maximal levels in cells that are producing membrane CR1 and will only be found in other cell types, other tissues, or during specific stages of B lymphocyte development or differentiation .
Regulation of the CRI Transcriptional Unit by Selective Polyadenylation . The use of two different processing events at an intron within SCR-2 of LHR-B appears to govern the production of two classes of CRI messenger RNAs . Polyadenylation results in the shorter transcripts that could direct the synthesis of secreted CRl, while splicing is required for the production of longer transcripts that direct the synthesis of the CRl receptor. In general, it appears that the addition of poly(A) to Tends of nuclear RNA occurs more rapidly than RNA splicing (41) (42) (43) (44) , so it is the control of polyadenylation at this site that probably determines the processing pathway used .
The selection of alternative polyadenylation sites within a transcriptional unit resulting in differential gene expression occurs in the regulation of the late transcriptional unit of adenovirus 2 (45) and in the tissue-specific expression of calcitonin and calcitonin gene-related peptide (46) . Moreover, it also appears in the developmental progression from expression of surface IgM in B lymphocytes to the secretion of IgM in mature plasma cells (47) . In each of these cases, as well as that of CR1, trans-acting factors could be involved in the selection of polyadenylation sites. The alternative polyadenylation site in CRI could be used to regulate the ratio of full-length messenger to truncated messenger.
Evolution of the C3b/C4b-binding Protein Multigene Family. As mentioned, CRI is a member of a "superfamily" of C3b/C4b-binding proteins, all of which possess tandemly repeated domains like the CRl SCRs (7). Although some of the genes that encode these proteins are located on different chromosomes, CRI is located in a cluster at q3 .2 on human chromosome 1 (3) along with C4bp, H, DAF, and CR2 (2-6). Members of this "immediate" family each manifest cofactor and/or decayaccelerating activity as well as Cab/C4b-binding capacity and include both surface and secreted proteins (7) .
Evidence is accumulating that many of the SCRs in the superfamily are each encoded by a single exon (7) . We report exceptions to that rule in CRI (SCR-9 and SCR-16) and the SCR-9/SCR-16 homology in the CR1-like sequence . Furthermore, we find that the sequence of a second CRI cDNA indicates the presence of another "split" SCR (SCR-20) in CRI and examination o£ the CR1-like genomic clone reveals split exons encoding the SCR-2 and SCR-6/SCR-13 homologies (unpublished data). All of these divisions occur at the same position in the consensus sequence . In addition, murine H and C4bp genes each code an SCR split at the same site (48, 49) . It is likely that all of these split SCRs are related through a common ancestor. Another split SCR is seen in the human haptoglobin sequence (50) . In that case the intervening sequence appears to occur at a different position in the consensus sequence and therefore, is likely to have arisen through an independent event .
Two simple models could account for the split SCRs . A primordial exon encoding an entire SCR was interrupted through transposition by an intervening sequence . Alternatively, the primordial SCR was encoded by two separate but adjacent exons. Intron deletion might have led to composite ("unsplit") SCRs .
It will be of interest to learn whether other members of the Cab/C4b superfamily carry similarly positioned introns with alternative polyadenylation sites. It has already been seen in other members of the superfamily (DAF and H) that alternative RNA splicing can result in a transcript that would encode a second form (51) (52) (53) (54) (55) .
It has been suggested, based on alternative polyadenylation in the production of surface and secreted forms of IgM from a single transcriptional unit, that regulated polyadenylation sites could have been instrumental in the evolution of secreted antibodies from surface receptors (56) . It now appears possible that alternative polyadenylation could similarly have been instrumental in the evolution of the family of C3b/C4b binding proteins from a primitive receptor gene to the modern genes that encode secreted C3b/C4b-binding proteins as well as genes that produce both secreted and surface forms.
Summary
The human C3b/C4b receptor or complement receptor type one (CR1) is an N200-kD single chain membrane glycoprotein of human peripheral blood cells that mediates the binding, processing, and transport of C3b-bearing immune complexes and regulates the activity of the complement cascade. Analysis of partial cDNA clones has shown that the COOH terminus is composed predominantly of three tandemly repeated regions of 450 amino acids each (15) . In this report, we present a cDNA sequence that encodes the NH2 terminus of CRl. It appears to have been derived from an alternatively processed transcript, caused by polyadenylation occurring at a site within an intron in the CRI transcriptional unit . The resulting truncated messenger carries an open reading frame that would produce a short, secreted CR1 form . We present genomic sequences and Northern blots which support this hypothesis and we propose that the NH2-terminal end of CRI is a likely location for active sites . In addition, we report evidence for a CR1-like sequence in the human genome and we present a model for the organization of CR1 .
